Bottom trawl fishing presents a severe yet largely unquantified threat to shipwreck sites. Here we present a quantification of damage to sites from the Aegean and Black Seas through high resolution imaging of 45 shipwrecks discovered by the E/V Nautilus expeditions, 2009-2012. These shipwrecks are part of a modern submarine landscape that is heavily damaged by trawls, which also remove sediment and smooth out natural features of the seabed. We quantify the severity of this threat to archaeological sites through repeat visits to one ancient shipwreck and quantify the change to the seabed over a period of eleven months. The results illustrate the benefits of enforced areas of restricted bottom trawling (Marine Protected Areas) to the in situ 
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use trawl damage as an excuse to salvage artifacts from wrecks, further destroying historically significant sites for profit.
Introduction
The destructive effects of mobile fishing gear towed along the seabed have long been a topic of concern for benthic ecologists (Collie et al., 2000; Jones, 1992; NRC, 2002; Puig et al., 2012) , but until recently the alarming rate at which shipwreck sites are destroyed by trawling has been almost entirely overlooked by the maritime archaeology community. As exploration and surveys in deep coastal waters expand, shipwreck sites are frequently discovered to be heavily entangled in fishing nets or broken and scattered by trawl doors and weights (Brennan et al., 2012 (Brennan et al., , 2013 Kingsley, 2010) . Extensive trawling in coastal areas have a drastic effect on the benthic environment as it smoothes over and eradicates features of the seabed, including structures like ripples, mesophotic reefs and other soft substrate habitats (Cady, 1973; Dickson et al., 1978; Hall-Spencer and Moore, 2000) , as well as reducing the complexity of the seabed (NRC, 2002; Brennan et al., 2012) . In a study of trawling impacts on sea scallop habitats on the intercontinental shelf of the Mid-Atlantic Bight, Walker (2013) found areas where the dominant seabed roughness was composed of dredge furrows. Such large scale restructuring of the seabed morphology has implications for the preservation and interpretation of modern/recent depositional assemblages.
Historic and ancient shipwrecks are both irreplaceable cultural sites and features of the modern seabed that serve as important artificial reef habitats (Walker et al., 2007) . Efforts to protect such sites from mobile fishing gear activities have been minimal; even some of the marine protected areas (MPAs) that have been established still allow commercial fishing (US 3 of 17 Dept. of Commerce, 2010) . One of the primary obstacles hindering proper assessment, protection, and management of these underwater cultural resources, however, is sparse documentation of the damage inflicted on wreck sites and the adjoining seabed. The problem is especially acute considering the limited accessibility of deep water to most researchers and resource managers (Brennan and Ballard, 2014) . The essential component lacking in this area of research is the thorough documentation of threatened and damaged sites by means of return visits and repeated surveys.
In addition to working toward appropriate management of underwater cultural heritage (UCH), a more comprehensive understanding of mobile fishing gear damage to shipwrecks is imperative for protecting sites targeted for their commercial value. The UNESCO Convention on the Protection of the Underwater Cultural Heritage of 2001 stipulates that in situ preservation of cultural sites should be considered as the first option for management (Maarleveld, 2011) .
However, the threat that trawl activities present to many shipwreck sites has been used by salvage companies, such as Odyssey Marine Exploration, to justify the commercial salvage and sale of valuable materials from wreck sites for profit (Kingsley, 2010; Pringle, 2013) . Here we present an alternative approach to shipwreck site management by documenting not only trawl damage to wreck sites, but also the extent and intensity of trawl scarring on the surrounding seabed in comparison to areas where trawling is prohibited or has not occurred. These results illustrate that effective management and enforcement of trawl restrictions can do much to protect shipwrecks in situ (Brennan et al., 2012) . The goals of this research are two-fold: to quantify the damage done to wreck sites and surrounding benthic environment in order to understand and illustrate the actual threat posed by trawling, and to use these data to distance such studies from 4 of 17 attempts to justify the commercial salvage of wreck sites by showing an alternative solution working toward effective in situ preservation.
The research presented here is the first effort to quantify in detail the extent of trawl damage to a shipwreck site over a short period of time. Ereğli E, one of the oldest deep water shipwrecks found in the Black Sea, is located off the coast of Ereğli, Turkey (ancient Heraclea Pontica) on the southern coast of the Black Sea. It was discovered and mapped in 2011 during an expedition by exploration vessel (E/V) Nautilus. The nine identifiable ceramic types visible on the wreck pinpoint it in the Late Classical or Early Hellenistic era (325-300 B.C.E.) (Brennan et al., 2013) . The wreck site exhibits severe damage from trawling, which has broken more than half of the artifacts visible on the surface and ripped up wooden planking that had been preserved under the sediment. These planks include rare evidence of both sewn and mortise-and-tenon joinery, ship construction techniques that are typically not known to be concurrent. Also among the materials wrenched by trawls from their in situ position were human bones, including a femur, a tibia, and teeth. When we returned to the site in 2012, the wreck was found to have been heavily trawled in the intervening eleven months. As a result, the human remains were entirely swept away, the surrounding seabed was smoothed over, most of the other artifacts were either missing, broken further, or displaced, and an estimated 15 m 3 of material was removed from the site. The wreck was mapped a second time, providing us with a means to quantify the change to the site caused by trawling since its initial discovery. Ereğli E could have been one of the most significant shipwrecks ever found to date in the Black Sea due to its unique cargo, state of preservation, and human remains, but it has been almost entirely destroyed by trawling. The significance of this wreck now lies in our efforts to document the mode of the site's loss. (Brennan et al., 2012) . Sites in the Black Sea typically consist of more wood timbers due to the anoxic and suboxic waters that help preserve them (Brennan et al., 2013) . However, the majority of these wrecks exhibit some form of damage from trawls, either in the form of broken and scattered ceramic artifacts or wooden components that show clear signs of being ripped apart into a jumbled pile. In the latter case, quantification and even identification or dating of the sites was impossible due to the chaotic condition of the damaged sites. Seventeen of these sites, however, are amphora wrecks, and the trawl damage was quantified by calculating the percentage of broken artifacts visible on each wreck based on photomosaics of each site (see methods described in Brennan et al., 2012) . This quantification of damage permits comparisons between wreck sites in a geographical region and in relation to areas of trawl prohibition. Figure 1 illustrate the trawlers turning away from this zone. The appearance and morphology of trawl scars on the seabed is well documented (e.g., Walker, 2013; Lucchetti and Sala, 2012; Hall-Spencer and Moore, 2000; Dickson et al., 1978) . This sonar image also illustrates the overprinting and thus 6 of 17 loss of the primary sedimentary bedforms and textural rearrangement of the seabed by repeated trawl scarring. Here the trawlers are seen to adhere to the coastal regulation by maneuvering away from this area.
Shipwrecks found in deeper water farther from the coast also illustrate a general adherence to this restricted trawl zone. For example, shipwrecks found to the south of the Datça peninsula, along the approaches to ancient Knidos, show greater damage from trawling with distance from the coast. The percentage of broken artifacts versus the wreck's distance from the coast is plotted in Figure 2 . This graph shows a step function, illustrating that after about 4 km from shore the area south of Knidos is trawled more heavily, further damaging the wrecks in those waters. Marmaris B, the most heavily damaged wreck found (62.5% of its artifacts broken), lies farthest from the coast (Brennan et al., 2012) . Other ancient shipwrecks located off Knidos exhibit trawl damage differently. Trawling of the Knidos J site, for example, has exposed the wreck's wooden planking which had previously been preserved beneath the sediment ( Figure 3 ). In addition to the physical damage caused by the trawl here, the exposure of wooden planking that had been preserved beneath the sediment will allow for it to now be deteriorated by wood-boring organisms.
Damage to the seabed
Shipwreck sites can be viewed not only as time capsules of a moment in history lost to the deep sea, but also as features of the modern submarine landscape that have come into equilibrium with the marine environment, and are today part of the benthic topography (Brennan and Ballard, 2014; Brennan et al., 2012) . Research viewing shipwrecks as features of the seabed has been 7 of 17 effective in documenting the local marine environment and as platforms for time-series type work (e.g., Brennan et al., 2011; Damour et al., 2015; Ruuskanen et al., 2015) . 
Quantifying trawl damage through repeat microbathymetric surveys
The collection of wrecks located in Turkish waters during the Nautilus expeditions provides a large dataset documenting the various states of shipwreck sites damaged by trawls. However, Areas of the seabed, for example to the southeast of the wreck site, show the seabed smoothed over by trawl nets and chains between surveys, and reflected in the difference map (5b). Finally, the notched timber that was apparently dragged away is shown as a dark red shadow in the center of the wreck in the difference map against lighter red areas of sediment removal, clearly documenting this timber's removal from the site. In addition to material that was removed from the site, both artifact and sediment, a large amount was also displaced within the bounds of the site, illustrated by the blue colors that show small-scale positive change. Based on the two microbathymetry surveys, we can estimate that as much as 15 m 3 have been removed from the shipwreck site by trawls between 2011 and 2012, and suggest a rate of damage. The 2012 return
to Ereğli E and the repeat high-resolution survey of the site allow us to illustrate for the first time the amount of damage inflicted by trawling on a shipwreck site over a short period of time, calling to attention the imminent threat to underwater cultural heritage.
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Management
Despite numerous efforts by ecologists and fisheries scientists to mitigate the effects of trawling activities on the seabed, trawling remains one of the greatest threats to benthic ecosystems.
Studies documenting the disturbance and degradation of seabed communities call for proper management of and restrictions on trawling operations (De Juan and Demestre, 2012) . A primary focus of ecosystem research on this front has been the response of the benthos to towed bottom-fishing gear, the recovery rates of the ecosystem, and overall fishery sustainability, especially as developments in trawl technology enable fishing in deeper waters (Kaiser et al., 2006; Norse et al., 2012; Rooper et al., 2011) . However, while benthic ecosystems can recover over time, damage inflicted upon irreplaceable shipwreck sites cannot be repaired (Brennan et al., 2012) . The damage we documented to the Ereğli E site illustrates the rate at which underwater cultural heritage is destroyed in heavily trawled areas of seabed. The nearly 50 ancient and premodern shipwrecks located by E/V Nautilus expeditions off the coast of Turkey also speak to the large numbers of potentially undiscovered sites that are threatened in this important maritime cultural landscape. Some of these sites close to land or in areas of steep bathymetry have been spared the heavy damage by trawls, but the majority of them have been found broken and disarticulated (Brennan et al., 2012) .
Despite the significant and continual damage inflicted upon these shipwreck sites in Turkish waters, we do not agree with the use of this type of evidence as a justification for the commercial salvage of valuable archaeological sites (Kingsley, 2010; Pringle, 2013 , 2010) . However, MPAs can serve multiple purposes. In the Mediterranean, many of the MPAs have been designed primarily to protect benthic habitats and biodiversity, rather than to specifically increase fisheries, which is a common goal of such established areas (Arceo et al., 2013) . We have shown that trawlers operating off Turkey deliberately adhere to established, trawl-regulated areas along the coast, indicating that MPAs established in Turkish waters can be enforced.
Management synergy can be achieved in regulating trawling for the protection of shipwrecks, while at the same time protecting habitats and increasing fisheries. Mediterranean capture fisheries have been on a sharp decline since the 1980s, and MPAs specifically designed to increase the fisheries have been proposed and attempted on a small scale (Arceo et al., 2013) .
Shipwrecks make excellent artificial reefs by providing safe havens for juvenile species to hide, especially the hard substrate offered by the ceramic cargos of ancient shipwrecks (Krumholz and Brennan, 2015) . Such reefs can increase local fisheries by the adult fish spillover (Forcada et al., 2009; Harmelin-Vivien et al., 2008; Molloy et al., 2009) . As the density of fish individuals increases within an MPA, they will migrate outside into fished areas. Therefore, protecting an area with a high density of cultural sites from trawling can also benefit local fisheries (Krumholz and Brennan, 2015) . However, trawling will remove such habitats if targeted for fishing, thus requiring these areas to prohibit trawl activities in order for this management to succeed. We 13 of 17
propose that this type of management option can do much for preserving shipwreck sites in situ, and without the negative effects of hindering fisheries.
Continued ocean exploration and documentation of maritime cultural heritage is imperative to understanding the threat trawling poses, while also educating the public that commercial salvage is not a desirable option, despite their claims to the contrary. While the seabed lies out of public's view, our surveys show a landscape as desolate as a forest turned into a plowed field that flattens and erases features and habitat on the seabed, be they shipwrecks, sedimentary features, or outcrops. Repeated surveys like the one off Ereğli, Turkey are needed to continue to broaden the documentation of the extent of trawl damage and to best make decisions to effectively manage marine resources of all kinds. Therefore, Ereğli E wreck site serves as a tragic reminder of the damage that trawling can inflict upon not only sites and areas of historical importance, but any unknown and irreplaceable sites hidden from public eye beneath the ocean surface.
Figur e Captions
Figur e 1 | Map of side-scan sonar sur vey off Yalıkavak, Tur key. The map shows trawl scar counts as circles, illustrating a swath of higher intensity adjacent to the 2.5 km boundary from the coast. The inset image is a screenshot of the side-scan sonar data showing the trawl scars turning away from the boundary as fishermen adhere to this zone (Brennan et al., 2012) .
Figur e 2 | Bivar iate gr aph showing a step function of trawl damage on shipwreck sites with distance from coast (after Krumholz and Brennan, 2015) . 
